Abstract-This paper presents a detailed analysis and improved control strategy for modular multilevel converters (MMC) under asymmetric arm inductance conditions. Unlike symmetric conditions, the fundamental ac current is not split equally between the upper and lower arms under asymmetric conditions and the dc and double-frequency components in the common-mode current also flow into the ac side. To solve these issues, a theoretical analysis of the effect of asymmetric conditions on MMC operation is carried out using equivalent circuits at different frequencies. Three control targets are then presented to enhance the operational performance. A control strategy providing the control of differential-mode current, common-mode current and power balance is designed. The feasibility and validity of the proposed analysis and control strategy are demonstrated by simulation results from a three-phase MMC system and simulation and experimental results from a single-phase MMC system.
the three-phase legs of the MMC, affecting the capacitor voltage in the sub-modules (SM) and the energy variation in each arm, but it does not affect the ac side current (differential-mode current). Many control strategies have been developed such as circulating current control [15] [16] [17] [18] and energy-based modeling control [19] [20] [21] [22] . The circulating current control method suppresses the even-order common-mode harmonic current by adding extra controllers, such as a proportional-integral (PI) controller in a double-frequency rotational frame [15] , a series of resonant controllers tuned at even-order harmonic frequencies [16] , or a repetitive controller [17] , [18] . The energy-based modeling control is based on the schemes of regulating the total energy and energy balancing [19] [20] [21] [22] [23] . Although extensive work on the modeling analysis and control of the MMC has been carried out, these analyses were based on symmetric conditions (i.e., balanced input voltages and symmetric arm impedances), assuming that the common-mode current mainly involves the even-order harmonic component and would not affect the differential-mode (output ac) and dc current. MMC operation under unbalanced input ac voltage conditions was analyzed in [24] [25] [26] [27] . It revealed that under such unbalanced conditions, the common-mode current not only contains a dc component and even-order circulating harmonic components, but also includes a second-order zero-sequence harmonic component within the three converter legs, resulting in secondorder harmonic components in the dc voltage and current. To eliminate the second-order harmonic oscillations on the dc voltage and current, two methods were proposed: one suppresses the dc voltage ripple [24] and the other directly eliminates the zero-sequence harmonic current [25] [26] [27] . In [27] , the possible impact of MMC with asymmetric arm impendence was briefly mentioned and it revealed that the ac current would not split equally between the upper and lower arms, resulting in a fundamental-frequency common-mode current. However, the detailed system analysis and investigations of the influence of the common-mode current flowing into both ac and dc sides caused by asymmetric arm impedance have not been conducted and the specific control requirement has not been considered.
In this paper, a detailed analysis on the asymmetrical MMC with asymmetric arm impedance is conducted and a mathematical analysis of its negative influences on the ac and dc side electrical quantities is performed. Based on the developed mathematical model, three control targets are presented to eliminate the negative impacts caused by the asymmetric arm impedance and an improved control strategy focusing on these three control targets is proposed.
The paper is organized as follows. Section II introduces the basic MMC operation and Section III analyses MMC behavior with asymmetric arm impedance using different-frequency based sub-circuits. An improved control strategy for the asymmetric MMC is proposed in Section IV. Sections V and VI present the simulation results for a three-phase system and the simulation and experimental results for a single-phase system, respectively. Finally, Section VII draws conclusions.
II. BASIC MMC OPERATION
The circuit configuration of a three-phase MMC is shown in Fig. 1 . V dc is the dc-link voltage and L is the arm inductor in each arm. V ap , v bp , v cp and v an , v bn , v cn are the total voltages generated by all the SMs in the upper and lower arms, respectively. i ap , i bp , i cp and i an , i bn , i cn are the currents in the upper and lower arms, respectively. i a i b and i c are the output ac phase currents.
According to MMC operation principles, the arm current contains one differential-mode current i jdm and one commonmode current i jcm where the subscript j refers the three-phase quantities of a, b and c. During normal symmetrical conditions, that is, all six arm reactors are identical, the differential-mode current flows to the three-phase ac side and the common-mode current flows within the upper and lower arms having no effect on the ac side. The arm currents i ap and i an can therefore be expressed as (taking phase a as an example) where i adm and i acm are [15] 
In (2), I m is the peak ac side current, I acm2 is the peak of the double frequency component (higher order harmonic currents are neglected due to their small magnitudes) in the commonmode current and I dc is the dc side current. Taking the neutral point n of the dc link as the voltage reference, the arm voltage can be expressed as
Combining (1) and (3) yields
where u a is the equivalent phase voltage in phase a and can be used to regulate the differential-mode current. u acm is the voltage difference between the dc side voltage and the total leg voltage and can be used to control the common-mode current. Based on (4), the upper and lower arm voltages are
Thus, the instantaneous power flowing into the upper and the lower arms can be expressed as the product of the arm voltage in (5) and the arm current in (1), shown in (6) at the bottom of the page. Fig. 2 shows the equivalent circuit of an asymmetrical MMC, since in reality impedances in all the arms will not be equal.ṽ ap , v bp ,ṽ cp andṽ an ,ṽ bn ,ṽ cn represent the ac components in the generated arm voltage which mainly contain fundamental and second order harmonic components whereas v ap , v bp , v cp and v an , v bn , v cn denote the dc offsets in the arm voltage. The linear circuit shown in Fig. 2 can be divided into three sub-circuits using the superposition principle, giving different frequency voltage sources, i.e., dc, fundamental frequency ac and double frequency ac sources.
III. MODELING OF THE ASYMMETRICAL MMC
P ap = v ap i ap = 1 4 V dc i adm − 1 4 u acm i adm − u a i adm + 1 2 V dc i acm − 1 2 u acm i acm 1 2 u a i adm P an = v an i an = − 1 4 V dc i adm − 1 4 u acm i adm − u a i acm + 1 2 V dc i acm − 1 2 u acm i acm − 1 2 u a i adm (6)
A. Fundamental Frequency Sub-Circuit
For conventional MMC control [12] , the upper and lower fundamental frequency voltage sources within each phase are identical but with opposite signs. Fig. 3 presents the MMC equivalent circuit for the fundamental frequency quantities.ṽ a1 , v b1 andṽ c1 denote the fundamental frequency voltage source in phase a, b and c, respectively. Note the opposite directions for the voltages in the upper and lower arms in Fig. 3 .
The circuit in Fig. 3 can be analyzed in two steps. The first step uses Thevenin's equivalent circuit for representing the MMC to calculate the ac output current i a1 , i b1 and i c1 . The simplified circuit is shown in Fig. 4(a) where the arm resistances are neglected for ease of calculation, and The circuit in Fig. 4 (a) can be analyzed by considering the three-phase unbalanced inductances which results in unbalanced line currents i a1 , i b1 and i c1 [29] .
Next the second step considers the output ac currents as three-phase current sources as in Fig. 4(b) . The steady-state arm current and the current flow through the dc side can then be calculated as
Thus, asymmetrical inductances in the two arms in each phase result in different fundamental arm currents, i.e., unequal current sharing between the upper and lower arms. Additionally, there can also be fundamental current through the dc side which causes extra dc voltage and current ripples.
B. Double Frequency Sub-Circuit
Based on the analysis in [12] , the double frequency components in the common-mode current are generated by the common-mode ripple voltage source with the same orientation in the upper and lower arms. Fig. 5 shows the equivalent circuit for the double frequency quantities, whereṽ a2 ,ṽ b2 ,ṽ c2 denote the double frequency voltage sources. The circuit shown can be analyzed using the same approach as for the fundamental components shown in previous sections. When the arm impedances are symmetrical, the upper and lower arm currents for each phase are identical, e.g., i ap2 = i an2 for phase a. This leads to i a2 = 0 which means the second order harmonic current only appears as common-mode in the arms without affecting the ac output current. Under such a condition, the sum of the threephase double frequency common-mode currents is also zero, thus such current components do not appear on the dc side, i.e., i dc2 = 0. Under asymmetrical conditions, however, the double frequency common-mode currents flowing through the upper and lower arms in each phase are not equal and their difference flows to the ac side (i a2 = 0, i b2 = 0, i c2 = 0). Meanwhile, the sum of the three-phase double frequency current is not zero and will appear on the dc side, i.e., i dc2 = 0. 
C. DC Sub-Circuit
Adopting the conventional control strategy, the dc offsets in the upper and lower arm are equal and have the same orientation. Fig. 6 shows the equivalent circuit for the dc quantities where
Under symmetrical conditions, the upper arm currents i ap , i bp , i cp are identical to the lower arm current i an , i bn , i cn and all equal 1/3I dc . When the arm resistances differ, the dc currents in the upper and lower arms become unequal and consequently, a dc current component appears on the ac side, i.e., i a = 0 taking phase a as an example.
D. Power Flow Analysis
According to the previous analysis, under asymmetrical conditions, the differential-mode and the common-mode currents in phase a can be expressed as
Combining the three sub-circuits, the arm voltages in leg a can be expressed as
Rewriting (6), the instantaneous power in the upper and lower arms is
Thus, the difference in energy stored between the upper and lower arms can be calculated as
The energy difference between the upper and lower arms is not zero in one complete period under the following two conditions.
• The differential-mode current (i.e., the output ac current) has a dc component (I adm0 = 0) or a double frequency component (I adm2 = 0); 0). • The common-mode current includes a fundamental frequency component (I acm1 = 0).
From this analysis, it can be concluded that under asymmetrical impedance conditions, the following potential issues exist which could significantly affect MMC system operation:
• unequal fundamental current distribution in the upper and lower arms and the existence of fundamental current ripple on the dc side; • existence of second order harmonic current on the output ac and dc sides; • unequal energy in the upper and lower arms which results in SM capacitor voltage divergence between the upper and lower arms.
Therefore, to maintain stable operation of the MMC under asymmetrical conditions, three control targets need to be achieved: (1) ensure the ac fundamental frequency current is split equally between the upper and lower arms; (2) eliminate the second order harmonic current in the differential-mode (ac output) current; and (3) regulate the dc common-mode current to maintain balanced power between the upper and lower arms.
IV. IMPROVED CONTROL STRATEGY FOR ASYMMETRIC MMC
According to the previous analysis, to ensure stable MMC operation under asymmetrical conditions, a control strategy including the following three controllers is proposed.
A. Output ac (Differential-Mode) Current Controller
The output ac (differential-mode) current controller is implemented similar to conventional VSC control based in the synchronous dq frame [15] . The controller generates the required arm voltage for each phase, e.g., v * ap and v * an for phase a. As this has been documented, no further details are given here.
B. Common-Mode Current Controller
From previous analysis, elimination of the fundamental frequency common-mode current ensures equal distribution of the ac output current between the upper and lower arms. In addition, the second order harmonic current problem on the ac and dc sides can be resolved if such common-mode second order harmonic current is eliminated. Thus, the purpose of this controller is to eliminate both the fundamental (which is unique to asymmetrical conditions) and double-frequency current components in the common-mode current for each phase. 
According to
Controlling the ac components in the arm voltages can regulate the common-mode current. To eliminate the main components in the common-mode current under an asymmetrical condition, a PR (proportional and resonant) controller with two resonant frequencies at ω 0 and 2ω 0 (ω 0 is the fundamental frequency) is adopted in each leg and the transfer function of the PR controller is [28] 
The control structure for phase a is shown in Fig. 7 , where the high-pass filter (HPF) removes the dc component and extracts the ac componentsĩ acm from the common-mode current i acm . The cutoff frequency of the HPF can be set at a low frequency, e.g., 2 Hz, due to the fact that dynamic response is not the main concern for this controller.ĩ * acm is the reference value for the ac common-mode current which is set to zero to completely eliminate such components. The output from the PR controller,Δv acm , is added/subtracted to/from the normal upper and lower arm voltage references generated by the ac (differential mode) current controller.
C. Power Balance Controller
With a common-mode current controller, the fundamental frequency and double frequency common-mode currents can be eliminated by adding Δv a1 (for fundamental frequency) and Δv a2 (for double frequency) to the upper and lower arm voltages. Based on (9), the arm voltages in the proposed control strategy can be expressed as v ap =ṽ a1 + Δv a1 +ṽ a2 + Δv a2 +v ap v an = −ṽ a1 + Δv a1 +ṽ a2 + Δv a2 +v an (15) Fig. 8 . Structure of the power balance controller for phase a using dc components.
where Δv a1 and Δv a2 denote the additional voltage components generated by the common-mode current controller. v ap and v an denote the dc offsets in the upper and lower arms, respectively, which might be slightly different under asymmetrical conditions due to different arm resistances. Rewriting (6), the instantaneous powers in the upper and lower arms are shown by (16) at the bottom of the page.
Thus, the energy storage difference between the upper and lower arms is
Equation (17) indicates that energy difference e pn exists between the upper and lower arms in one complete period. Consequently, the total energy stored in the upper arm SM capacitors and lower arm capacitors can be different which results in the divergence of their voltages. Thus, to ensure SM capacitor voltages in the upper and lower arms balance, a power balance controller is needed in each phase.
Detailed analysis of (17) reveals that there exist two power balance methods. The second component in (17) indicates that the energy difference can be controlled by slightly changing (v ap − v an ), i.e., the dc offsets of the upper and lower arm voltages, since the common-mode current i acm now only contains the dc current. The schematic diagram using this control principle is shown in Fig. 8 for phase a. As shown, the difference between the total upper arm capacitor voltage (i.e., n i=1 v pci where v pci is the capacitor voltage of the ith SM in the upper arm and n is the total number of SMs in an arm) and the lower arm total capacitor voltage (i.e., n i=1 v nci where v nci is the capacitor voltage of the ith SM in the lower arm) is passed through a notch filter tuned at fundamental frequency ω0 to remove the fundamental frequency voltage ripple and extract the dc voltage unbalance Δv dcpn .i acm0 is the dc component of the common-mode current and equals to I dc /3 under normal steady state condition. Their product is fed to a PI regulator whose reference input is zero to produce a small dc offset Δv a which is added to the upper and lower arm voltages with opposing polarities. According to (4), the added dc offset Δv a would have an effort on the output voltage, which is used to compensate the dc offset in the output voltage caused by the power difference between the upper arm and the lower arm under the asymmetric conditions. The response of the PI regulator can be tuned at a low frequency due to the slow dynamics of the voltage divergence. The limitation of this method is that the controller becomes ineffective when the dc component in the common-mode current is zero, i.e., when the converter is not transmitting real power. To solve this issue, a supplementary method derived from the third component in (17) is adopted. If a small common-mode current at the fundamental frequency, which has the same phase angle as the generated ac arm voltage, is added, the energy difference can be regulated. Fig. 9 shows the structure of the supplementary power balance method for phase a. As shown, ωt is the phase angle of the generated arm ac voltage and thus m sa is in phase with the fundamental frequency arm ac voltage with a magnitude of 1.Δi acm is the injected common-mode current which is added to the normal common-mode current reference of zero to feed to the common-mode current controller shown in Fig. 7 .
The complete MMC control structure is shown in Fig. 10 , where the superscript " * " denotes the reference values and v * jp , v * jn , i jcm , i jcm , i jcm0 , Δi jcm , Δv jcm , Δv j denote the required upper and lower arm voltages, common-mode current, the ac and dc components in common-mode current, the injected common-mode current derived from the power balance controller using ac components, the output voltage of PR controller in the common-mode current controller and the output voltage of PI controller in the power balance controller using dc components in phase a, b, c(j = a, b, c) , respectively. The voltage reference is generated by three controllers, of which the differential-mode current controller regulates the active and reactive powers, the common-mode current controller suppresses the 50 Hz and 100 Hz circulating currents and the power balance controller ensures the total voltages across the upper and the lower arm capacitors are equal.
The three additional voltage components generated by the proposed controller, i.e., the dc, fundamental and double frequency voltages, are added to the upper and lower arm voltages to compensate the unbalanced voltage drop across the asymmetrical arm reactors, the double frequency SM capacitor voltage ripple and the capacitor voltage imbalance between the upper and lower arms. Consequently, the ac voltage seen at the converter terminal will be free from any voltage unbalance and harmonics to ensure no dc and double frequency current in the ac output. Therefore, the injected components have no adverse effect on the MMC ac output.
D. Consideration of Compensation Limits for the Proposed Control Strategy
The proposed controller needs injected additional arm voltages and the maximum arm voltage that can be generated is limited by the operating point of the converter. Thus the relationship between the converter operating point (modulation index, dc voltage and ac current) and the unbalance ratio of the arm impedance is considered.
As the control scheme ensures the arm current only contains fundamental and dc components, only the fundamental voltage drop across the asymmetrical arm reactor is considered. According to the preceding analysis, to share the fundamental ac current equally, the voltages across the upper and lower arms including the voltage generated by the SMs and the voltage drop across the arm reactors must have identical amplitude but be phase shifted by 180
• . The additional injected arm voltage generated by SMs in each arm therefore needs to compensate the voltage difference caused by the different upper and lower arm impedances. An extreme condition is considered here, in which one arm (e.g., upper arm) has the minimum arm impedance L min whereas the other arm in the same phase (e.g., lower arm) has the maximum arm impedance L max . As illustrated in Fig. 3 , the fundamental frequency quantities can be expressed as
where v 1 is the normal voltage generated by the SMs, Δ v 1 is the additional injected arm voltage and I ac is the ac current amplitude. The unbalance ratio of k and the additional injected arm
where Δm and θ 1 are the modulation index and phase angle of the additional voltage component and L is the average arm inductance. Substituting (19) into (18) yields
Thus, to perform the compensation, the converter must have the extra required modulation index margin Δm. 
V. SIMULATION RESULTS FOR A THREE-PHASE SYSTEM
To verify the proposed control strategy, a three-phase MMC was simulated using Matlab/Simulink. Fig. 11 shows the simulation system structure where the MMC employs the configuration in Fig. 1 with slightly different impedances in each arm. The main circuit parameters are listed in Table I and the maximum arm impedance unbalance ratio is approximately 10%. i abc denotes the ac current flowing out from the MMC as shown in Fig. 11 . Fig. 12 (a) and (b) compare the steady-state waveforms under the conventional and proposed control strategies. Taking phase a as an example, further analysis of the ac current i a , fundamental arm current i ap1 and i an1 and the common-mode current i acm are carried out and the results for the conventional and proposed methods are compared in Table II . As can be observed from Fig. 12(a) and Table II , under conventional control the ac side current is unbalanced with dc offsets and second order 100 Hz harmonics. This confirms the previous analysis that under asymmetric arm impedances the commonmode currents (both dc and 100 Hz) flow out to the ac side. The dc current shown in Fig. 12 (a) also contains 50 Hz and 100 Hz ripples. The respective total capacitor voltages in the upper and lower arms which are calculated by adding all the SM capacitor voltages in the upper and lower arms, respectively, i.e., v pci and v nci ,, also diverge. Again, these observations are in good agreement with the previous analysis. With the proposed control, Fig. 12(b) and Table II clearly show that the ac side current is balanced with the dc and 100 Hz harmonics being largely eliminated. In addition, the 50 Hz and 100 Hz ripple in the dc current is also well suppressed and the total capacitor voltages in the upper and lower arms are rebalanced, as shown in Fig. 12(b) . Equal current sharing for the upper and lower arms, i.e., i ap1 and i an1 is largely achieved. Fig. 14 shows the transient performance where conventional control strategy is used prior to enabling the proposed control at 0.6 s. As can be seen, once the proposed control strategy is enabled, the capacitor voltages in the upper and lower arms are quickly rebalanced and the output ac current, the dc current and the arm current are immediately improved. The simulation results clearly demonstrate the previous analysis and the effectiveness and validity of the proposed control strategy. Further studies with a small arm impedance unbalance of approximately 2% were carried out and it was found that even with such a relatively small unbalance in arm impedance, it still has similar issues to the previous case shown in Figs. 12-14 . The main current harmonics are compared in Table III . As is shown, under such conditions, the common-mode current still contains 3.5% 50 Hz and 4.2% 100 Hz component. They are reduced to 0.08% and 0.3% respectively once the proposed control scheme is enabled indicating a significant improvement. It also can be observed that the dc and 100 Hz components in the ac output current are also significantly reduced.
VI. EXPERIMENTAL AND SIMULATION RESULTS FOR A SINGLE-PHASE SYSTEM
To test the presented analysis and the proposed control strategy, a prototype single-phase MMC schematically shown in Fig. 15 is developed. The control system is implemented using a TMS320F2812 DSP and the main circuit parameters are listed in Table IV . Two dc power sources are connected in series to form the dc neutral point. The unbalance ratio of the upper and lower arm inductances is approximately 6.4%. Fig. 16(a) and (b) show the steady-state operation of the MMC under the conventional and proposed control strategies, respectively. Further analysis of the ac current i a , fundamental arm current i ap1 and i an1 and the common-mode current i acm are carried out and the results are compared in Table V for the conventional and proposed methods. As shown in Fig. 16(a) and Table V , the upper arm current is larger than the lower arm current (due to the smaller arm inductance in the upper arm) and the common-mode current includes large 50 and 100 Hz ripple components. The output ac current also contains dc and 100 Hz harmonics. Fig. 16 (a) also shows that the difference between the average capacitor voltages in the upper and lower arms is around 10 V. By contrast, Fig. 16(b) and Table V show that once the proposed control strategy is adopted the commonmode current becomes mainly dc with both the 50 and 100 Hz components significantly reduced resulting in equal current sharing in the upper and lower arms. The dc and 100 Hz components in the output ac current are also reduced from 0.5% and 1.8% to 0.05% and 0.5%, respectively. The capacitor voltages in the upper and lower arms are also balanced. During the measurement, the current probe used for measuring i an shown in Fig. 16(b) contained a small offset but the ac magnitudes between i ap and i an remain almost identical as evident from Table V . Fig. 17 shows the MMC dynamic operation when the system switches from the conventional control strategy (Stage I) to the proposed control strategy (Stage II). As is shown, the proposed control strategy can quickly gain the control of capacitor voltage and the ac and arm currents.
To further verify the proposed control strategy, additional simulation studies for a single-phase MMC with the same parameters as the prototype are carried out and the results are compared in Fig. 18(a) and (b) and Table VI . It can be seen that similar trends can be observed as the experimental result shown in Fig. 16 and Table V . Under conventional control due to the complicated interactions among the diverged upper and lower capacitor voltages, asymmetric arm impedance and harmonic components in the arm and ac currents, the harmonic contents in the experimental and simulation results shown in Tables V and VI have some differences. However, both results are in good agreement with the theoretical analysis and clearly validate the effectively of the proposed method.
VII. CONCLUSION
This paper has proposed an MMC control strategy for asymmetrical arm impedance conditions. An equivalent circuit of the asymmetrical MMC was presented and detail analysis of the impact of asymmetrical conditions on the differential-mode current, the common-mode current, and capacitor voltages, was performed. Based on the analysis, three control targets were designed to improve asymmetrical MMC performance. To achieve these three control targets, an improved control strategy was proposed, involving three controllers: differentialmode current, common-mode current and power balance controllers. Detailed control system design was presented and the effectiveness of the proposed scheme in a three-phase MMC system and a single-phase MMC system was confirmed by the simulation studies and experimental results.
